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Abstract— Scanning Tunneling Spectroscopy was performed on a (15,0) single wall carbon nanotube 
partially wrapped by Poly(3-hexyl-thiophene). On the bare nanotube section, the local density of states 
is in good agreement with the theoretical model based on local density approximation and remarkably 
is not perturbed by the polymer wrapping. On the coiled section, a rectifying current-voltage 
characteristic has been observed along with the charge transfer from the polymer to the nanotube. The 
electron transfer from Poly(3-hexyl-thiophene) to metallic nanotube was previously theoretically 
proposed and contributes to the presence of the Schottky barrier at the interface responsible for the 
rectifying behavior. 
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Ultrahigh Vacuum Scanning Tunneling Spectroscopy (UHV-STS) is recognized as a reliable investigative 
technique for probing the electronic properties of nanoscale metal/semiconductor interfaces
1
 and it has been 
proven extremely useful to study the local electronic structure and charge transport of carbon nanotubes 
(CNTs).
2,3
 The local density of states (LDOS) and the transport behavior at atomic scale of molecules
4
 and 
polymer nanowires
5,6
 have also been investigated using UHV-STS methods. The study of the electrical 
characteristic of a conjugated polymer like Poly(3-hexyl-thiophene) (P3HT) adsorbed on a single wall nanotube 
(SWNT) is of high interest since the inclusion of CNTs in a polymer matrix has been proposed for photovoltaic 
application.
7
 The low power conversion efficiency achieved by P3HT-CNTs devices has been the object of a 
theoretical study by Kanai and Grossman
8
 that investigated the charge separation at the polymer/nanotube 
interface for semiconducting and metallic nanotubes. For metallic SWNTs, inefficient exciton separation is 
attributed to the electrostatic potential at the interface that favors the migration of electrons on the P3HT side of 
the interface causing a thermal decay of the molecule’s excited state. 
In this letter, a P3HT coiled SWNT has been analyzed with Scanning Tunneling Spectroscopy in ultra high 
vacuum (base pressure 10
-11
 Torr) at room temperature. We investigated the electronic properties of the bare 
section of the coiled nanotube and the electrical behavior of the resultant localized heterojunction. We reported 
an unperturbed electronic structure for the uncovered nanotube section and a rectifying behavior for the coiled 
section, with a recorded suppression of the current for positive bias voltages. 
Details of the samples preparation procedure have been described in detail elsewhere.
9
 Scanning tunneling 
spectra were recorded during topographic acquisition using the Current Imaging Tunneling Spectroscopy 
(CITS).
10
  
Figure 1 shows the polymer wrapped carbon nanotube investigated in this study.
11
 Underneath the widely 
spaced polymer coils, the CNT structure is clearly visible and can be identified as a zigzag nanotube. This 
information can be used in conjunction with the diameter estimated from the height of the structure to establish 
the indices of the nanotube observed. From the profile analysis, we measured a diameter of 1.19nm and hence 
the nanotube indices are identified as (15,0) corresponding to a metallic nanotube. The polymer coils stacking 
distance has been measured along the structure with a result of 0.36nm indicating a π-π interaction between the 
carbon atoms of the nanotube and the polymer backbone.
9
 
The current-voltage characteristic measured on the bare nanotube section is reported in the inset of Fig. 2. 
The I-V curve results symmetric with respect to the zero bias voltage confirming that during the tunneling 
process in both directions, the electrons are not affected by any charge accumulation nor encounter any Schottky 
 3 
barrier. This is expected considering that the two materials, HOPG and carbon nanotubes, have nearly the same 
work function (4.4 and 4.3 eV respectively)
12
.  
The differential conductance (dI/dV) curve plotted versus the bias voltage is reported in Fig. 2 and has been 
obtained by numerical differentiation of the I-V characteristic. The theoretical density of states (DOS) curve 
near the Fermi level for a (15,0) SWNT is also reported for comparison. This curve has been calculated by Akai 
and Saito using the local density approximation in the framework of the density-functional theory (DFT).
13
 The 
good agreement between the independent theoretical model and the experimental data confirms that the 
nanotube is in ohmic contact with the graphite substrate, as assumed previously. The experimental peaks, 
representing the Van Hove singularities, have been indicated with number from 1 to 6 and in Table I are 
reported the energy positions of experimental and theoretical peaks highlighting a good degree of 
correspondence.  
The energy subgap ΔEsub, that corresponds to the energy difference between the first Van Hove 
singularities, can be evaluated accordingly to the equation
3
 ΔEsub=6dnnγ0/d where dnn=0.142 nm is the distance 
between nearest neighbor carbon atoms, d is the diameter of the nanotube and γ0 is the energy overlap integral 
between nearest neighbor carbon atoms. Substituting the diameter value measured and γ0=2.5 eV (Ref. 14) we 
obtain ΔEsub=1.78 eV. Since the experimental data of the diameter, the chirality and the LDOS are all consistent 
and in good agreement with the expected values for a (15,0) SWNT, we conclude that the observed 
nanostructure is a single wall carbon nanotube, excluding the presence of inner shells. Because the LDOS curve 
is symmetrical around the Fermi level, we can state that no alteration of the nanotube electronic properties can 
be observed in this part of the structure and a hypothetical charge transfer from the substrate or from the 
polymer is not affecting locally the density of states of the SWNT. Although it could be expected that the 
correspondence of the work functions of the nanotube and of the graphite should not lead to a charge transfer, it 
is remarkable that in the bare section of the wrapped structure no evidence of the surrounding polymer presence 
can be observed. 
Under the same experimental conditions we investigated the I-V characteristics of the polymer covered 
sections of the nanotube by collecting several STS images acquired with different tip-sample distances.
10
 The 
absence of negative differential resistance peaks in any of the acquired I-V curves confirms the electron 
delocalization on the polymer backbone and hence the presence of a continuum of electronic states in the 
molecular orbitals of P3HT strands.
6
 A total of seven I-V curves were collected at different locations on the 
polymer covered parts of the nanotube and averaged. Figure 3(a) shows the averaged current-voltage 
 4 
characteristics of P3HT strands adsorbed on the (15,0) SWNT for two different tip-sample distances
10
. The 
asymmetry of the curves denotes a rectifying behavior that favors the electron tunneling from the substrate to 
the tip, passing respectively through the nanotube and the polymer. Similar asymmetric curves have been 
obtained for P3HT deposited on HOPG, as reported in the inset of Figure 3(a), but minor differences have been 
observed between positive and negative biases currents. For Poly(3-dodecylthiophene) (P3DDT) deposited on 
HOPG it has been demonstrated that the rectifying characteristic is related exclusively to the polymer molecular 
levels.
15
 However, in our case the SWNT is included between the graphite and the polymer and the evaluation is 
more complicated because of different phenomena involved. In particular, it must be noted that that P3HT has 
been considered as a donor when interacting with SWNTs,
16
 with the sulfur atom of the polymer thiophene ring 
transferring charge to the nanotube. 
In order to verify the effects of the interaction between P3HT and the (15,0) SWNT on the energy band 
structure, in Figure 3(b) we plot the differential conductance curves at two different heights for the covered 
nanotube section. We observe an extended plateau region associated with the energy gap of the semiconductor 
that is estimated as ΔECOND=1.81 eV and ΔECOND=1.95 eV at smaller and larger tip-sample distance respectively. 
Both values are in accordance with previous results for P3HT on a silicon substrate, with the small difference 
due to the molecular orbital levels affected by the bias.
6
  
The main characteristic of the dI/dV graph is the non-symmetrical positioning around the zero bias voltage 
of the conductance gap, with a nearly constant shift of the Fermi level towards the highest occupied molecular 
orbital (HOMO). The shift, that is scarcely affected by the sample bias, is ΔE=150 meV and ΔE=159 meV at 
smaller and larger tip-sample distance respectively. This feature was not observed in our experiments for P3HT 
deposited on HOPG, where the midgap energy coincided with the Fermi energy EF. The shift of the Fermi level 
towards the polymer HOMO energy band is most likely related to the electrons transfer to the underlying 
nanotube from the sulfur atoms of the polymer thiophene rings. Kanai and Grossman
8
 predicted a large charge 
transfer from P3HT to metallic single wall nanotubes (m-SWNTs): it leads to a Fermi level closer to the HOMO 
level of P3HT and favors the adhesion of the polymer onto the carbon nanostructure. Considering the nanotube, 
the consequence of the negative charge transfer that must be taken into account is the decrease of the m-SWNT 
work function, as calculated by Zhao et al.
17
. The Fermi level at equilibrium results shifted towards the vacuum 
level and a Schottky barrier is expected to be present at the nanotube surface, as depicted in Figure 4.  The 
observed asymmetric behavior of the I-V curves, with the electrons transfer favored from the nanotube to the 
polymer can be therefore considered as the effect of the Schottky barrier. Although a specific STS theoretical 
 5 
model is not available to be directly compared with experimental data, the observed phenomena appear to 
confirm what might be expected by theory evaluation. According to our observations, in a P3HT/m-SWNTs 
photovoltaic device, the role of the nanotube as an electron acceptor for the photo induced exciton approaching 
the polymer/nanotube interface may be compromised by the new position of the nanotube work function.  As a 
consequence, the probability of exciton separation may be lowered and the overall efficiency of the P3HT/m-
SWNT based solar cell may result reduced.  
In summary we have demonstrated the feasibility of scanning tunneling spectroscopy analysis on P3HT coiled 
(15,0) SWNT. The uncovered nanotube section seems to be not affected by the surrounding polymer adhesion, 
showing a LDOS close to theoretical models. Conversely, on the covered part, the P3HT interaction with the 
SWNT causes a charge transfer from the polymer to the underlying nanotube, with a rectifying I-V behavior due 
to the presence of a Schottky barrier at the polymer/nanotube interface. According to this result, we suggest that 
a photovoltaic device based on P3HT and metallic SWNTs can be expected to perform inefficiently, considering 
that an advanced modeling for this complex system could contribute to a better understanding of the phenomena 
involved. 
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Figure 1.  One of the STM images used for the STS analysis that shows RR-P3HT self organized into a helical self assembly onto a carbon 
nanotube. Scan obtained at VSAMPLE=-500mV and I=0.350nA. The point P indicates the position of the tip where the I-V curve reported in 
Figure 2 was acquired. The areas inside the dashed lines highlight the P3HT covered zone where the rectifying I-V characteristics were 
acquired. (Inset) High-pass filtered image of the bare nanotube section to highlight the carbon atoms alignments at a distance of about 
0.24nm related to a zigzag structure. 
 
Figure 2.  Differential conductance of the bare nanotube section of Figure 1 (continuous line) and LDOS curve from theory (dotted line). 
Van Hove singularities have been marked with numbers one to six with the corresponding energy positions reported in Table I. (Inset) I-V 
characteristic of the bare nanotube section from which the differential conductance was obtained.  
  
Figure 3.   (a) Averaged current-voltage characteristics of the P3HT covered nanotube sections of Figure 1 measured at set point current 
0.350nA and at sample voltages of -800mV (dark circles) and -248mV(open squares). (Inset) Normalized averaged I-V curve measured for 
P3HT deposited on HOPG (I=0.500nA, VSAMPLE=-400mV). (b) Normalized differential conductance curves calculated from I-V 
characteristics of figure (a). The Fermi energy is shown as EF, the differential conductance band gap as ΔECOND and the shift of the Fermi 
energy with respect to the midgap energy is denoted ΔE.  
 
Figure 4.  Energy level diagram with respect to the vacuum level for isolated metallic single wall nanotube (m-SWNT) and for P3HT in the 
DFT/Khon-Sham approach(from Ref. 8). After the adhesion and the charge transfer, the work function of the m-SWNT is reduced (dashed 
line) and aligned with the Fermi Energy indicated as EF. 
 
Table I. Comparison between experimental differential conductance peaks as marked on Fig. 2 and theoretical peaks of LDOS according to 
model from Ref. 13.  
Peak 
Number 
Exp.(eV) Theory(eV) 
Deviation 
% 
1 -1.12 -0.98 -14.30% 
2 -0.94 -0.90 -4.40% 
3 0.81 0.74 +9.45% 
4 0.99 1.04 -4.80% 
5 1.12 1.14 -1.70% 
6 1.24 1.24 0% 
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